
I .  

Submitted to :  \ 

National Aemnautics and Space Administration 

( / t A S P  Q % b  NsG 325) 

0 '  / 

/i\ '- 0. 

Submitted by 04bc4  3 
Professur J, O*M. Bockris, Director 

9 
The klectr- boratory 

O Q O  I 6 q07 
The University of \Pennsylvania * 



PROt%GTS AXD PEESONNEL ENGAGED IN THE RESE3RCH 

Dr. J. O'MI Bockris 

Dr. H. Wroblowa 

Dr. L. Nanis 

Project 

Potentials of Zero Charge 

- 
S, Ai-gade 

Deactivation of Eiectrodes D. Swinkels 

Nature of Catalysts Dr. A, Reddy 

Mechanism of Electrocatalyeis Dr. H. Dahms 

Studies of the Mechanism of Porous Electrodes B. Cahan 

Theory of the Double Layer Dr. T. Anderson 



TABLE OF CONTENTS 

Potentials of Zero Charge 

Deactivation of Catalysts : Adsorption 

NatLwe of Catalysts 

Mechanism of Electro-Catalysis 

Studies of the Mechanism of Porous Electrodes 

The Theory of Electr ic  Double Layers 

Page 

1 

8 

23 

27 

39 

M 



1 

POTENTIALS OF ZERO CHARGE 



2 

INTRODUCTION 

The potential of zero charge (PZC) is to be determined on a series 

The large discrep- Of solid metals by at least three independent methods. 

ancies among literature values for PZC makes independent checking essen- 

tial. The metals are: thallium, lead, nickel, palladium, nlatinum, sil- 

ver, and capper. 

successful application of the capacity method and 0.001 N and 0-01 N %SO4 

and perchloric 

adsorption. 

The solution must be fairly dilute in order for the 

acid have been selected in order to minimize specific 

1. Capacitance Method 

The Wayne-Kerr B221 transformer ratio arm bridge and associated 

circuits have been thoroughly tested and calibrated using mercury in 

various solutions. An extremely high degree of precision has been at- 

tained and this apparatus yields unambiguous capacitance measurements, 

i,e. false frequency variations have been eliminated. This precision 

is necessary since frequency effects are expected due only to the physi- 

cal structure of the solid electrodes. In addition to the bridge im- 

provements detailed in a previous report , the sensitivity of null detec 
tion has been increased ten-fold by eliminating capacitive loading of 

the wave analyzer output through tuning of the oscilloscope input cable. 

1 

The PZC is discernible on the capacity-potential relation f o r  

dilute solutions. The C-V curve goes through a distinct minimum at the 

PZC. At the PZC the charge on the metal, qm is zero so that rearrange- 

ment of the double layer structure occurs, influenced by first the 
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compact Helmholtz layer and extending further into the d.iffuse layer. 

The rearrangement may be considered as a decrease in orienting effect due 

to surface charge and both the compact and diffuse double layers approach 

the random distribution of charge found in the bulk electrolyte i.e. the 

thickness of at least the diffuse layer decreases. Now the total capaci- 

tance of the double layer may be considered as being composed of capaci- 

tive contributions from the Helmholtz and diffuse layers in Series. 

Thus, the total capacitance is represented by 

(1) 
1 1  - -  - + -  

Ctotal ‘D ‘H 
1 

where C 

t ively . 
and CD are capacities of the Helmholtz and diffuse layers respec- H 

Considering each component of the double layer as a parallel 

plate condenser, an effective decrease in spacing, as qm decreases and 

goes to zero at the PZC, results in an increase of capacitance. In fact, 

C 

adsorption and dipole components remain. 

changes much less than that of the diffuse layer, since any specific 

Thus, by Eq. (l), the total 
H 

capacitance tends to a minimum, i.e. tovards C since C greatly in- 

creases. 
H D 

The rigorous solution purification techniques of this Laboratory 

will be used in conjunction with small spheres of the appropriate solid 

metals. 

of cathodic and/or anodic pulsing. 

Surface cleaning w i l l  be accomplished by suitable combinations 

A maximum amount of C-V data will 

be obtained near to the PZC. 
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2. Moving Wire Method 

A method similar t o  t h a t  described by $akuszewsBi4 w i l l  be  used. 

Wires Of each of the metals t o  be tested will be arranged t o  t ravel  i n  

and out of solution a t  a fixed rate. 

the potent ia l  of the wire i n  a s tar t ing posit ion of j u s t  contacting the 

electrolyte.  A s  the wire t ravels  into the solution, charging of the 

double layer must occur i n  order t o  maintain a constant potential .  

charging current goes t o  zero a t  the PZC and i s  of opposite sign on ei th-  

er side of the PZC. Now, the capacity per unit  area i s  

A potent iostat  w i l l  be used t o  f i x  

This 

At, potent ia ls  near the PZC, dq = q - qmC and since qpzc = 0, 

and for any area A 

then 

dq = i a t  

It may be seen from Eq. (7) t h a t  i f  the wire lowering speed i s  

known, i.e. dA/dt i s  known, and the current i s  treasured f o r  a fixed poten- 

t ial ,  t h e  capacity a t  t h i s  potential may b e  obtained and thus th i s  method 
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may be used to check values determined with the bridge method. 

significance is the condition $ = $FLc f o r  which the charging current is 

zero for any rate of area change, 

Of @"eater 
- 

2 F9r rr (1 y ~ l n p  ef ~hnijt. lT)LLP/cm and for  5 within a few tens Of 
millivolts of the PZC, a lowering rate of 1 mm/sec will require a charg- 

ing current of the order of tenths of microamps. 

king) available in this Laboratory is deemed sufficient f o r  the major 

instrumentation for the moving wire experiments. Tdire specimens Will 

be initially cleaned by reduction of surface oxides by purified hydro- 

gen at sufficiently high temperature where feasible and also by cathodic- 

anodic pulsing. 

into the electrolyte very quickly after cleaning so thzt Contamination 

problems are minimized. Also, surface roughness is an advantage since 

only the PZC and not capacity per unit area is the sought-for quantity, 

i.e. W/dt is increased by the occurrence of roughness for any given 

geometrical area, 

/ I 

A potentiostat (IJen- 

It should be noted that the wires may be introduced 

3 .  Organic Adsorption Method 

A technique f o r  evaluating the PZC been devised in this Lab- 

oratory by Green and Dahrn~.~ 

tion of non-polar organic substance by radiotracer methods.' 

ciple of the method is as follows. 

It has been shown3 

This consists in the measurement of adsorp- 

The prin- 

that the coverage 8 of neutral organic mole- 

cules depends on the electrostatic field across the Helmholtz double 

across this layer the layer. Thus, for the given potential drop, 

value of 8 is fixed for the given concentration of organic compound,C,. 
vH' 



The value of VH at constant cfo (metal-solution PD) changes with 
Concentration of the supporting electrolyte owing to the changes in \f)t- 
potential at the outer Helmholtz layer, except at the point Of zero 

charge, where LnPZC = V--pzc =?(;(dipole potential), since there 1s no 1 H 

contribution of ionic charges to the PD. Under conditions of low Cover- 

age of non-polar organic substance and in electrolytes exhibiting little 

specific adsorptior)x is relatively independent of electrolyte concen- 

tration, and the field across the Helmholtz double layer is constant. 

Thus potential dependent organic adsorption curves obtained using 

various concentrations of supporting electrolyte at constant C, should 

have a common point at the PZC, provided the PZC is not changed by adeorp- 

tion of organic material (non-polar substance, low coverage), nor by spe- 

cif ic adsorption of electrolyte anions (electrolytes containing ClOi 

anions) 

The method to be used for determining adsorption of radioactively 

tagged organic substance (tape-method) has been described in the previous 

r ep r t , '  The total activity of C-14 labeled organic is measured from a 

thin electrolyte layer adhering to a plate which has been moved out of 

the electrolyte after an equilibrium period at constant potential. The 

step of actual metal surface area determination by the B.E.T. method may 

be omitted by changing electrolyte concentration for one given tape. 

Naphthalene will be used with the dilute perchlorpe.. and sulphuric acid 

solutions and the previously mentioned metals. Aleo, after exploratory 

runs, the entire nature of the adsorption-potential curve will be given 

a secondary emphasis in favor of repeated determinations at and near the 

equivalence point for adsorption (PZC). For this purpose, also, other 
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electrolgte concentrations will be used in order to locate the PLC with 

some precision. In addition to 0.001 and 0.01N electrolytes, 0.005 N 

and 0.05 N electrolytes will also be studied with constant concentra- 

tion of naphthalene. 

I 
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DEACTIVATION OF ELECTRODES: ADSORFTION 
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INTRODUCTION 

The method and results of investigation of the adsorption of 
- 

n-decylamine on Ni, Fe, Cu, Pb and Pt had been described in the previous 

report. 

The observed phenomena are interpreted below. 

DISCUSSION 

The adsorption isotherms at the potential of maximum adsorption 

are shown in Figure 1. 

approached in each case, except on Pt, where multilayer formation occurs. 

The shift in the adsorption maximum to more negative potentials as 8 

indicates that a monolayer of n-decylamine molecule with the amine group 

towmds the metal is first formed. 

easily on the hydrophobic surface formed. by all the hydrocarbon chains 

extending into solution. 

A limiting coverage less than a monolayer is 

A second layer then adsorbs more 

Free Energy of Adsorption - The adsomtion of an organric eiIhbntsmtx at 

the metal-solution interface may be written: 

Org (sol) + n %O (ads) 2 Org (ads) + n 1120 ( so l )  (1) - 
where n is assumed to be independent of coverage or charge on the elec- 

trode. The standard free energy for the above process referred to unit 

mole fraction of organic or water in solution and on the surface is 

X Xn AG, 0 = - RT In org,ads) ( W , S O ~ ~  
(%,ads) (xorg,sol) 



Similarly : 

Introducing Eqs. (4) and ( 5 )  into Eq. (2) we obtain: 

The corresponding isotherm is: 

When n = 1, EQ. (7) reduces to the familiar Langmuir equation. 

The standard free energy of adsorption at the adsorption maxim 

extrapolated to zero coverage for each aystem is given in Table I. 

In the case of copper the coverage becomes sufficiently high so 

that lateral interactions become significant. The apparent standard 

free energy of adsorption calculated using EQ. (6) then varies with cov- 

erage as shown in Figure 2. 
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mI;E I 

QUANTITIES RELEVANT TO TRE ADSORPTION OF n-DECYTiAMlCNE 

ON SOLID Z~EIYLLS FROM 0.9 N NaClO4, 0.1 N NaOB SOLUTION 

Ni 

Fe 

cu 

Pb 

Pt 

1.32 

1.77 
1.38 

1.95 

1,22 

-0.7 volt -6,8 kcal/mole 

-0.7 volt -6.6 kcal/mole 

-0.9 volt - 7 . 3 kcal./mole 

-1.0 volt -6.2 kcal/mole 

-0.4 volt -7 . 4 kcal/mole 

Components of the Standard Free Energy of Adsorption - Adsorption from 

solution is influenced by several interactions between the metal, the 

organic compound and the water both on the surface and in the bulk. To 

discuss these thermodynamically we w i l l .  consider two cycles, one for 

Thermodynamic cycle for water: 

\ 
\ liquid water vapor at 

I 

c solution, conc. 
of org. = Corg 

I 
vapor at 1 atm. 

'OGJW) 

adsorbed water at r 
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For water: 

where A G ~ ( w )  = free energy of adsorption of water from solution; 

u u V \ w )  = free energy of adsorption of water from the vapor phase at 

1 atme; AG,Jw) = -RT In po(w) where po(w) = vapor pressure of water 

at the temperature T. 

Am I \ 

- 

Thermodynamic cycle for the organic material at the temperature T. 

vapor at po( org) - pure liquid or solid . 
vapor at 1 atm. J I 1  

saturated solution 

adsorbed organic 
material at f org solution at conc. C 

For the organic compound: 

where AG,(org) E free energy of adsorption of the organic compound 

from solution at the concentration corg and coverage r; AGd(org) = 
C fI?ee energy of dilution = RT In Ora ; C, = saturation concentration of 

Cs 
organic; nGp(org) = -RT In po(org); po(org) = vapor pressure of the 

pure organic material at temperature T; AG,(org) = free energy of 

adsorption of the organic compocnd from the vapor p’mse at 1 atm. 

The standard free energy of adsorption from solution (AGE) 

defined earlier, which is really the free energy of replacement of 



water at the interface, is then: 

A G z  = nGi(org) - n&i(w) 

Using the standard state of unit mole fraction or organic material or 

water at the interface and in aofution, we have: 

_ _  
A G O  a = -AGi(org) + A$(org) - &;(w) + nG:(org) - n&$(w) (11) 

The first two terms of Eq. (12) do not change with the metal and hence 

make the same contribution to AG: for all metals. Eq. (12) also shows 

that at a given concentration the amount of adsorption increases as  the 

solubility (C,) of the adsorbate decreases. 4 

For the adsorption of n-decylamine at 25OC, C, = 5 x moles 

per liter 5 and po(org) = 0.18~1 6 and po(w) = 23.8mm. 

Hence : 
- 

AG: = -6.80 + 2.74 + nG:(org) - nAGZ(w) 0 3  1 

Thus, about half of the free energy of adsorption (cf. Table I) from 

solution is due to the escaping ten&ncy from solution in the present 

case and the remainder arises from interactions with the metal (AG:). 

Dispersion Interaction between Vater and Metals - The magnltude of 

AGZ and its relatively constant value for different metals suggests, 

that only physical forces are involved in the adsorption process. 

dispersion interaction between an adsorbed molecule and a large plane 

The 



metal surface is 7 

where 

of the molecule and the surface of the metkl; C = constant for the sys- 

tem. Various expressions for C have been given7 of which the following 

= number of metal atoms per cm3: R = distance between the center 

Beems the most useful: 

-28 where m = mass of the electron = 9.11 x 1.0 

3 x 1O1'cm/seo; %, w2 = polarizability of water and metal respec- 

tively; yl, .x2 = diawgnetic susceptibility of water and metal. 

imental determinations of 

Pierotti and Halsey have celculateddfor copper and iron from the 

refractive indices of these metals. However, since they used refractive 

gm; c = velocity of light = 

Exper- 

ar,d %arc not available for most metals. 
8 

indices detemined at different wavelengths for the two metals, and 

since the refractive in3ex of tr metal var5.es greatly with wavelength, 

the polarizabilities so obtaked cannot be compared. 

Since the molar rcfrmtlon of conductors is apsroximately equal 

to the molar volwie we have 

where Ro = molar refractivity; Vm = molar volume. 

lated in this way w e  l-isted in Table 11. 

its polarizability has been mea~ured~ and was found t o  be 5.05 x 10-24cc. 

Values ofdcalcu- 

Mercury is included, since 



This is 14s less than the value calculated from Eq. (16), A l l  calcu- 

lated values of d a r e  therefore reduced by 14$, t o  give the corrected 

values i n  column 2, which are used i n  the dispersion calculation. 

atomic diamagnetic suscept ibi l i ty  of the metals was calculated from 

The 

where e and m are the electronic charge and mass respectively; a = 

Bohr radius; n = number of electrons in  the  atom. 
0 

Agreement be tweenx (calc) and measured valuesl0 i s  fair for 

mercury and lead. Iron, nickel and platinum are  paramagnetic, and the 

measured n l u e  fo r  copper i s  low because of the presence of some para- 

magnetism.- UsirgM(scrr) and X I c a l c )  f o r  each metal and the meas- 

ured values of d u n d x Z . - o r  water the constant C tias calculated for  each 

system. U s i n g  Eq. (14) w i t h  R = 1.5 the dispersion interaction be- 

tween water and the various metals was calculated. The values found 

vary l i t t l e  amongst thc :nctala. 

s tant  value of AGZ fcmd f o r  the dii'ferert metals. 

UDisp i s  very dependeat on the value of R and hence may be as much as 

5 6  i n  error  but t h i s  woiild not affect  the relative magnitude amongst 

the metals unless R varies with the  metal. 

1 ;+ 

'ltllts agrees well with the  rather con- 

The magnitude of 

Dispersion interactions between adsorbed organic molecules and 

the metal substrate can a l so  be calculated. The values fo r  different 

metals w i l l  vary i n  the  same proportions as for  water, but w i l l  be some- 

what larger, since the polar izabi l i ty  of t h e  organic mclecule i s  greater 

than that of water. Hence a net heat of adsorption, which varies with 
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the polar izabi l i ty  of the metal results. However, since n-decylamine 

molecules are not spherical, t h e  dispersion calculation becomes more 

cowlex (cf, next section). 

Lateral Attraction - When there is l a t e ra l  a t t rac t ion  between adsorbed 

organic molecules the free energy of adsorption becomes more negative 

v i th  increased coverage. This i s  clearly the case on copper (Figure 2). 

The way i n  which the lateral interaction varies v i th  coverage 

depends not only on the type of interaction (ion-dipole, dipole-dipole 

or dispersion) but a lso on the type of adsorption (localized or non- 

1ocCLized). 

s i t e s  on the substrate i s  fixed and invariant with coverage, while 

the oxupancy of the sites varies l inear ly  as tne coverage, Hence, 

for localized adsorpticjn the lateral interaction varies l inear ly  with 

coverage. 

I n  the case of localized adsorption the distance between the 

11 

For non-localized adscq t ion  the distance between adsorbed 

molecules can vary cou:,iriu-m~::-y and specif’ical2.7 varies inversely as 

the square root of the cmerage, If‘ the interct.;Zon potential  i s  of 

the form U = B/rn then U varies as €d2 and hence, the variation i n  

lateral interaction with coverage depends on t h e  type of interaction. 

I n  general, fo r  an interaction energy of the form ’/rn .we have12 for 

localized adsorption 
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for non-localized adsorption 

summation is over all other molecules in the plane but converges rapidly 

when n>2. The summations were evaluated for n = 6 (dispersion) and 

n = 3 (dipole-dipole) for square and hexagonal arrays until the terms 

became less than 1% of the first term. 
.. 

In the case of n = 3 both paral- 

lel and anti-parallel arrays were considered. 

Table 111. 

The results are shown in 

The lateral interactions in the system n-decylamine on copper 

can now be calculated on the basis of four models: 

la. Localized adsorption, n-decylamine molecules rigid. 

The n-decylamine molecules are treated as rigid rods, perpen- 

dicular to the surface with the amine group towards the solution and the 

To calculate the lateral interaction due to dispersion forces, 

We must calculate the difference in the dispersion interaction between 

two n-decylamine molecules and between a n-decylamine molecule and a 
- 

volume of water equal to the second n-decylamine molecule. 

the hydrocarbon chain, which is mainly concerned in the dispersive inter- 

action, the polarizability (&) and molar volume (V,) used for 

Since it iEl 

* This model is chosen because of the lack of variation of the poten- 
tial of the maximum of adsorption with coverage, i.e. zero n%due 
to the organic molecule. 



Square arrafl 4.64 
6 p. 

Y Hexagonal array - 9.24 
R3 

2.68 - 
R3 

4.5 
R3 

9 

* R = distance between nearest neighbors at full coverage. 

n-decylwine are taken as those of n-decane.l3 The polarizability is 

calculated frdin the refractive index of n-decane (n = 1.41). 

The dispersion interaction between two spherical molecules in a medium 

of dielectric constant is given by 

-. - 

Since the n-decylamine mol-ecule is a long cylinder, we will divide it 

into four approximately spherical units and sum the interactions between 

each unit in one molecule and the four units of the other molecule (cf. 

Figure 3). The polarizability of each unit of the organic molecule is 

thend'(org) = C((org)/4 = 4.8 x 

t o  one of these units we have 

For a volume of water equal 



Thus, 

t 
where rid = distance between the i'th unit of one molecule and the j'th 

unit of the other (Figure 3); 9, = a characteristic frequency for the 

electrons, which both for saturated hydrocarbons and for water is about 

3 x 10l5 sec'l; h = Planck's constant; Ezn$$l.9. 

I 

Assuming a hexagonal array of adsorbed molecules the distance 
, 

between nearest neighbors at f'u3.1 coverage is 4.9 8. 
I Hence: 

Using these values we find uDiSp = -0.19 kcal/mole and 
- . .  

h D i s p  = 6.42 8 uI>isp = -1.22 8 kcal/mole 

To calculate UDipole we have 
1 , 2  

where the dielectric constant varies with 

the dipoles are separated by water molecules 

trode sui-face, where the dielectric constant 

(E Z 8 0 ) ,  while at . full  coverage the dipoles 

coverage. At low coverage 

about 15 a from the elec- 

is that of bulk water 

._ 

are separated by organic 

molecules ( E = 2). 

mediate coverages, we have 

Assuming a linear combination of these at inter- 
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Hence: 

The t o t a l  change i n  free energy of adsorption with coverage is  equal t o  

p D i w  +hip (curve la  on Figure 2). 

lb. 

I n  t h i s  case: 

Non-localized adsorption, n-decylamine molecules rigid. 

hiSp = 6.42 (-) n + 2  8 3 %isp = -2.44 03 Ircal/mole (29) 

The curve masked (lb) i n  Figure 2 corresponds t o  t h i s  model. 

_- 

2. Non-rigid molecules. 

A long hydrocarbon chain 

directions. The f u l l y  stretched 

lonz. Hence, i f  the average hydrocarbon chain bends through 99' i n  the 

middle of the  chain, then the dipoles of two molecules can pair  up even 

a t  1@ coverage (average distance between adsorbed molecules 14.5 i). 
A t  hi.gher coverages, t h e  hydrocarbon clialn needs t o  bend less an<. Less, 

u n t l l  a t  f u l l  coverage the s i t m t i o n  i s  almost the sax? as for  r ig id  

molecu1.es. 

i n  w5ich 20 6.inole pal.:? 3 c3 f'orwd, but  n?.fice arLi-pa..eJ-kl dipcles a t t r ac t  

paii-lag i s  favored. 

b i l i t y  of pa i r  fomaticil a t  a given coverage. 

A t  lcw cowrsges the molecules can take up many orien.tatione 

1% is d?-fficult t o  cs1culs.i;~ exact3.y the prcbn- 

We will assume that the 



fraction of adsorbed molecules forming pairs i s  proportional t o  8 and 

that a t  f u l l  coverage all molecules are paired up. 

between two ant i -paral le l  dipoles 3 8 apart i s  

The a t t rac t ive  force 

- p / r 3 ,  i o e a ,  U = 1.05 

kca1fmole. Bence ,LL-...~ = 0 U = 1-05 8 kcal,/mole. 

To a first approximation the forming of pa i r s  does not change 
I 

the interaction between a given dipole and the remainder of the  dipoles 

or the dispersion interaction. 

fore added t o  the change i n  f r ee  energy calculated f o r  models (la) and 

( lb )  t o  give the curves (28) and (2b) inFigure 2. 

The contribution due t o  pairing is there- 

The agreement with experiment i s  best f o r  model 2b, i.e. non- 

localized adsorption and non-rigid molecules, 
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NATURE OF CATALYSTS 
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INTRODUCTION 

The preliminary experiments on the anodic formation of oxide films 

On plathum electrocatalystshaxe been continued utilizing in situ electro- 

chemical and ellipsometric monitoring of the catalyst surface by (1) tran- 

I 

sient and (2) steady-state techniques. 

(1) Method of Transients 

The technique involves the fo1lowir.g steps: 

(a) Potentiostating the platinum catalyst at a potential Of H.300 V 

(vs N.H.E.) under which condition the platinuu surface can be considered to 

be in its film-free optical reference state, 

(b) Setting the optical components of the ellipsometer fo r  "extinc- 

tion" 

(C) Switching off the potentiostat and simultaneously turning on a 

galvanostat 

(a) Making simultaneous records of the potential-time and ellipso- 

meter intensity-time traces on a D u a l  Channel OscilloX!ope. 

The type of transients observed are shown in Figure 4 from which 

it may be concluded that oxide formation commences at about 1 volt. 

(2) --- Steady State Method 



I 

I . -_ 

I qmter-wave plate and analysis are set out in Table IV. 

338 23O 11 57' 

338.23' 11.570 

338.23' 11 . 57' 
338.23' 11 . 57' 

! +Om 74 338.23O 11 570 

+O 94 338.23O 11.570 
+0.84 338.23O 11 . 57' 

11.5b0 

+l. 04 338.57O 11 90' 

~ 

+a99 338.22O 
~ 

, 
+1 . 14 338.75O 12.11 

1 +1.24 338.88O 12.27 

+ l o 4 4  338.07O 12 50 

+1.54 338.44' 12.88 

From these settings, the relative phase retardation ( A  ) and the 
) were calculated by standard formulae, relative amplitude diminution ( 

and the potential dependence of these parameters is shown in Figure 5. 

It can be seen that there is no change in the optical constants of the 

platinum catalyst surface till a potential of about 1 volt is reached and 

since the optical constants at +0.34 v can be taken to correspond to a 

film-free surface, the results indicate that an oxide film is formed at 
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about 1 volt. 

The Drude-Tronstadt thin transparent film approximation was 

assumed in an attempt to compute the refraction index of the oxide. 

Negative values were obtained indicating that the refractive index is a 

complex quality which should be the caee for a conducting film and 6fnCe 

Oxygen e-volution occurs on the platinum catalyst, there can be no doubt 

that the oxide is an electronic conductor (or semiconductor). 

Attempts are in progress to compute the refractive index and 

thickness of the film at various potentials by an electronic digital 

computer . 
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MECHANISM OF EIJK!TBOCATALBIS 
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, 

I 

28 , 

The experimental results reported in the First Semi A n n u a l  

1 Report have been interpreted. 

DISCUSSION 

1. Therm- mics of the Reaction 

i The equilibrium potential can be easily calculated from the thermo- 
I 

I dynamic data of the reaction prod~cts.~ For ethylene oxidation this 

value is found to be Eo = 0.08 at 8OoC (hydrogen scale). 

mixed potential. 15 

I 

The rest potential of the system &/ethylene appears to be a I 
I 

2. The "Chemical" Rate Constant 

The rate of an activation-controlled reaction at an electrode is 
16 given by: 

if there is no potential drop in the diffuse double layer and the rate 

of the back reaction is negligible. (n - number of electrons, F - FaradW, 

k - rate constant, d - transfer coefficient, 
against standard hydrogen electrode, & - electronic work function in eV, 

y - potential of electrode 

a - constant). 
In order to bring out the "chemical" catalytic activity of the 

different metals we have to eliminate the influence of the applied 

electrical field. The electrical field across the interface can be 



written as: 17 

A y = A Y + n ' ) C  
where n.7 - potent ia l  difference against standard electrode (e.& Y 

hydrogen electrode); 

of metal; A S  - potential  difference due t o  orientation of dipoles. 

- potential  difference due t o  excess charges 

It appears useful t o  define the "chemical" rate as the  reactfon 

rate at  A 
As can be seen from Eq. (2), the potential  of zero charge contains a 

= 0, i.e., at the p o t e n t i d  of zero charge A Y  = A'Pp.zmc.~ 

dipole term. This term can be due t o  (a) the orientation of water 

dipoles at the interface and (b )  the adsorption of the reactant and Of 

intermediate reaction products on the electrode. The Orientation of the 

water dipoles appears not t o  differ  at the potential  of zero charge greatly 

from metal t o  metal, since Frumkin18 found t h e  approximate relation: 

where & - electronic vork function; &fs - potential  of' zero charge. 

The change of the A potential  with adsorption of the reactant 

and of the intermediates can be estimated from the  change of the potential  

of zero charge on mercury with the adsorption of neutral19 and charged 

organic species: 

electrode with neutral  species are  0.1 - 0.2 V. 

20 

Typical values of t h i s  sh i f t  for  f u l l  coverage of the 

Charged species could 

cause higher shif ts  , if present at sufficient concentrations (e. g., 

8 > O.l), which i s  improbable i n  the present system. 

dipole term i n  Eq. ( 3 )  could cause an error of .1 - -2 V, which would 

Hence, the 

lead t o  a maximal change of one power of ten i n  the "chemical1' r a t e  

constant of Eq. (2) (/3 assumed = 0.5). 



The definition of the "chemical" rate at Ay = 0 may be considered 

as indicative (within these limits) of the reaction rate on the various 

surfaces free from dou3le layer effects. 

The factors determining the "chemical" rate constant at the 

I 

I 

interface metd/gas 21922 are well known, e.g., they concern: 

metric factors which affect the activation energy of reactants; 

(b) The electronic work function, which affects the heat of adsorp- 

t i ~ n ; ~ ~  (c) The d-band structure influences the heat of adsorption 

(e.%. , in the adsorption of hydrogen and ethylene). 

(a> geo- 
23 2 4  

26 

For catalysis at the metal-electrolyte interface, one has to 

take into account these factors, remembering that they can act both on 

the solute reactant and also upon the solvent reactant; for example, 

oxides will be formed in parallel renctiofis of the solvent with the metal 

and m y  participate either directly, o r  as inhibitors, in determining the 

rate of the reaction. 
i 

3. The Effect of the Applied Field 

A change of the field across the double layer will have mainly 

two effects: 

charge transfer; and (b) change the adsorption energy of the reactants, 

i.e. vary their concentration in the reaction zone. 

It will (a) change the rate of any reaction step involving 

The surface concentration of the organic reactant depends on the 

applied electric field. Analogous to the adsorption on mercury," it has 

been found that there is a potenti.al range of 0.2 - 0.4 V, where there is 

significant adsorption at the interface. 2 j 2 7  Roughly, the adsorption- 

potential relation is parabolic. Generally, there is a relation Setween 



the potential of zero charge and the potential of maxim1 adsorption 

( Cf adsorption on gold electrodes' and other metals. 27), but exceptions 

OCCW: on certain metals. 27 

In summary, the catalytic activity on &n electrode is a resultant 

of the effects of the chemical rate constants 

field effects ,  the degree of the effect of which is a function Of the 

transfer coefficient,& . Hence, a low chemical rate Constant On One 
metal can be conpensated by a higher& on another. 

the double layer 

4. Applimtion to Present Reaction 

a. Phenomenologicel 

(1) The overall reaction. 

The products of the overall reaction are given in Table V. 

(2) The "chemical" rate constants. 

These are given in Table V. The potentials of zero charge on 

which the calculations are based were determined experimentally only for 

Fne corresponiiing values far Ir an6 r n  were r b ,  

calculated from tine empirical relation3' between electronic work func- 

tions and potential of zero charge. 

2g nL 28929 ;LU2:30 anG pd. 

(3 )  

The influence of the applied field on the reaction rate is given 

The effect of the applied field. 

in Table V. 

(4) The effect of pre-treatment. 

The two pre-treatments' of the electrode do not cause essential 

The slight change in rate constants differences in the reaction rates. 

(but not in mechanism) 1 is probably due t o  roughness factor effects. 
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( 5 )  Effect of oxide coverage on the reaction rate. 

oxide coverage affects the reaction i.a';e f o r  all metals in the 

I same? Way: m e  e::ectrode potential at which the oxide concentration exceeds 
I 
l a coverage cf about 0.1 (Figxfie 20, ref. 1) corresponds to the potential 

(Fi@lae 6) Et which the Tafel line goes into a limiting region. 
I The fact 

I that an ox;& corerP,ge of 0.1 causes alreacy a current; decrease by a fac- 

tor Of' 2 (compwed to tila extrapolated Tafel line) can be related to 

(a) geometric fa3tws in the conpetitive adsorption of oxide and the 

organic species. Since C2Hb needs a four point attachment to the surface 

the blockiriig effect of small 8 coverages w i l l  be great.21 (b) '.The 

potential set UT 5y the oxide. 

coverage will decrease the charge on the metal and, heme, lover the 

reaction rate. 

The dipole potential due to the oxide 

b . Mech3nist-i~ Considerations 
I 

(1) Comparison of the metals. 

The metals (Table V) fall ir,to two gro~ps  of electrocatalytic 

activity: Group I (Pt, Ir, Iih) oxidizes t'ne reactant quantitatively t o  

C02 and shows approximately an identical Tafel slope (135 - 160 mV) and 
has the same pH dependence ( d 7 O  mV/pR)i. 

imcomplete oxidation, has lower Tafel s lops  and no pH dependence. 

Furthermore, the "chemical" rate constants of the Group I (Pt, Ir, Rh) 

metals tend to be higher. 

Group I1 (Au, Pd) reveals 

The heats of sublimation show a clew difference fo r  the metals 

Pt, Ir, Rh; End Ac, Pd respectively. 

the bom3 strength for a partially covalent bond of the metal with an 

According t o  Pauling's equati.cn, 



I 

where D - bond energies beixcen the respective species in kcal/mole; 

1 
I 

Pt 2.1, Au 2.3) vary k;- 0.3 units. Taking the electronegativity Of 

the organic species as 2.5 (value for C34) the electronegativity term I 
chf.r-zzs by less  than 5 Xcal/inD,l.e among the metals exmined. Thus, the 

, borid strength between metals of Group I and metals of Group I1 differs 

by about 20 - + 5 kcal/mole. Cnnsequently the bond metal-organic inter- 

mediate can be broken more essily with the Au, Pd metals: an incom- 

plete oxidation would there2.x-e be feasible, because intermediate ox$- 

dation products have a h:glie-r rate of desorption. 

(2) Gold and Palladium 

Considering the effect of ethylene partial pressure on the 

reaction rate (Figures 20,21, ref. 1) and the current potential depen- 

dence in the Tafel line region (Figures 1 5 ~ 6  ref. 1) the reaction scheme 

can be given by 

I where Asap B represent stable chemical species in the solution 
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(excluding ions from water) and on the electrode, X1 represents an inter- 

mediate. The current can be written as* 

i = nE'k KIPE 
3 1 f qP* 

% > % = -  % >??E- 
-2 
k where n - number of transferred. electrons, -K,- = - 

k-l 
pressure of ethylene; V - electrode potential. 

"his scheme gives rise to a b value of RT/F, its zero pH effect 

and (qualitatively, depending on the isotherm ap9lied) the pressure 

dependenoe experimentally observed (Figures 18,19 ref. 1; 'Table V). To 

suggest a specific scheme is made difficult by the fact that the reaction 

goes to three products, the dominant of' which is propionaldehyde. It 

seems possible that this is formed as a product from solution reactions 

with acetaldehyde, which might be regarded as the first product of the 

electrode reaction. It is difficult to Cind a reaction sequence which is 

consistent with the facts of Table V. 

obeys this criterion, though involves the assumption of a C2H4 Inter- 

uC;uAat , c .  ~ V I U ~ L L C ~  iilai; reactions with this radical couid be slow arises 

The following type of mechanism 
f 

--a*-&- n--> 3 -.. - 

from its stabilization by solvation. 

k, 

+ 
e 

k2, 
-2 c2H4 'k 

Whis expression implicitly assumes a Langmuir isotherm with one-point 
attachment, whereas 'C2H4 is probably adsorbed with f our-point attach- 
ment. 
of the pressure effect. 

However, no gwlitative differences result in the interpretation 



k4 + 
c2H40%ds fast' c2E40 + + e 

Then, the re la t ive ly  greater chemical r a t e  constant on Pd rather I 
I 

I than Au may be roughly interpretei? so: 

the heats of activation w i l l  be determined primarily by the heats Of 

adsorption of C2H4 and C CHO; as a lso  by the thermionic work function 

of the metal. Other factors which determine the heat of activation a t  

the potent ia l  of zero charge are,  for  example, the heat of hydration of 

the proton and other factors  vhich are independent of catalyst. 

roughly, one can now suppose that the heat of adsorption of C2K4 and the 

CH CEO do not greatly differ;  for they i t i l l  be made up mostly of the 

energies of two M-C bonds. 

work function: the faster reaction w i l l  occur i n  the metal which has the 

higher work function, and the expected r a t io  of chemical rate constants 

In  the rate-determining reaction, 

+ %  

Very 
+ 

3 
Thus, the major difference resides i n  the 

w i l l  be: I 

The work function data for Pd and Au. a re  p 0 0 r r ; 3 ~  

Pd 4.9; Au 4.7. 

agrees fair ly  with tha t  observed (expt.: ipd = 70; theoret: - iPd = 10 ). 

The nost probable are: 

If these values are accepted, the difference i n  rates 

3 
iAu iAU 

Similar remarks would apply t o  any mechanism of the oxidation of 

ethylene i n  which a stable chemical species i s  i n  equilibrium with an 

unstable one through a charge transfer reaction; end thereafter the 

unstable species goes t o  a stable one by a chemical (no net charge 



37 

transfer) reaction. 

(3 )  Platinum, Iridium, Rhodium 

I For platinum a aubstantial study of the mechanism of ethylene 

~ifizticzl  >xx ~ s a r ;  rr,G+ by ;eljei= &‘LG i;ree2-5 iai’miine soiutionj and 

Wroblowa, Piersma and Bockri& (alkaline and acid solutions). 

Tafel slope, pH dependence and reaction products on Ir and Rh are 

identical to those on Pt (Table V), these considerations apply to these 

Since 

metals as well. 

Rate-determining water discharge is deduced for the whole pH 
36 range. 

the overall reaction rate. 

A l l  following reactions are in equilibrium and do not affect 

Hence, the relative catalytic power depends 

upon factors which determine the rate of 

+H‘ + e  H2° 4 OHads 

Of these, the work function and the heat o f  adsorption of reactant and 

product depend on the catalyst. 

It is difficult to &e an estimate concerning the difference 

in the heat of adsorption of H20 and OH on these metals. 

Sorbed. 

OH is chemi- 
37 If water is chemi~orbed,~~,39 then the bonding is likely to be 

between the metal and the two orbitals of oxygen, i.e., there is likely 

to be considerable compensation of aw difference as both M-OH (in the 

final state) and M-0% (in the initial state) would change in the same 

direction, 

. -  

Hence, the relative catalytic power is largely in terms 

of work f’unction, Le.: 



An analogous relation will hold for Ir, 

fairly spread out. 

and Rh (4.9 - 5.1 eV) and Ir (4.9 - 3.0 eV) one obtains from Equation ( 9 )  

kchem,pt e Idkchem,Rh -e 103 kchem,Ir. The experimental values 

The work motion data are 

Taking the most probable value for Pt (3.3 ev) 

give a factor of kchem,Pt 

(4) Conclusions 

3 4 
= 2s10 kchem,Rh lo kchem,Ir* 

In summary, the model arising from here is that on noble metals 

electrocatalyets there is a potential range in which C 9 4  is adsorbed 

and its rate in the subsequent reaction depends primarily Yon the 

relation of the potential for the adsorption range to the themOdYnamiC 

reversible potential for  a given reaction. 

near, e.g., C2H4 + C02 and C H + CB CHO, then, which O C C ~ S  
depends on the relative binding of the intermediate radicals: the 

smaller this is, the less likely the reaction to go to completion. 

final product, and path or' reaction having been established by the 

factors mentioned, the relative catalytic properties of the "chemical" 

(or zero field standardized) rate constant is affected by one or two 

relatively simple properties such as work function or heat of adsorption 

of reaction and product. 

approaches are cowistent with the facts. 

If two possibilities are 

2 4  2 

The 

For the electrocatalysts studied here, these 
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STUDIES OF THE MECHANISM OF POROUS EJEClX03Es 
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INTRODUCTION 

The exact localization of the sites of reaction in a porous 

electrode structure is an extrenely complex problem. The structure of 

+hn e.(-'lrrr+ -A-A..- ----~--a-- a-- --~.--l A.-- - - q l  ..-- f -  -4. LA-+ ---- - - b U p I b a w  UI puruuv GAGQIJLULLG~ & V I  QliuUcLI A U C A  QGAA UDG A D  u W  ubuu 

Only poorly understood. 

It is obvious, however, that in a highly porous electrode, USWlu 

chosen for its hfgh surface area, most of the pores will be less than 

lg/u,across. 

fore be made to evaluate the utilization of surface mea, and minimize 

power 106Ses in tortuous passages. 

- 

A more systematic study of extremely thin pores must there- 

The cell described in the last report has been constructed and 

The cell is mounted on a Vee-flat optical bench is shown in Figure 8. 

for rigidity of the micromanipulator support shown at 'che right. 

adjustments "y" and "zfr axes are hand-scraped light-duty machine mortr,ts 

The - 

to a repeatab'ility of better than .0002". 

accomplished by a micromanipulator with coarse and fine controls. 

fine control has a resolution of 2.5 microns per div. and should pro- 

v ide resolution to l .OyC. Connecting the top of the micromanipulator 

to the cell is the push-rod, couqled by a Teflon universal joint. 

The x-axis translation is 

The 

The 

bearings are of polished stainless rod, press-fit in a Teflon block to 

provide smooth action and avoid backlash problems. 

connected rigidly to the piston in the cell and causes both translation 

The push-rod is 



41 

and ndmxte angular (vertical .nd h0rlzon~f.l) a;lignmcmt. Became of the 

rnedmnla advantage involves, tbe aligmtmt S h d d  be sbjuamle to 

within 0.00003. imhee, or abut 1/2 oi a light friage over the ehwtmde 

surfwe. 

The asll is s h m  at the left side of the illwtrstim and i n  

Figure 9. It aonaiets of a block of Teflon FEP mounted riglw in 

€LlWnum The m t  WOrlC$w &aCe h~ mer0hiW f0 0001'' 

over the e n t h  t~urfwe. An optically flat (< 114 Fringe) fueed silioa 

plate i s  mounted With 8 preaeure plate (far left) against the warking 

mxrfaoe. This window al lowe inspection of the meniscus of the elec- 

trolyte, and the imide of the oell. The working electrode is made from 

a specially grauad blook of fused quaxtz visible in Figure 9. One surface 

of this block bae beem &round to Kithin 1/4 fringe, has a ahasp edge 

with roundness lees than 5 microns, and no detectable chips in the cen- 

tral working area. The flat surface of the block is platinized and serves 

as the wall of the "pore", 

The cell we8 constructed of FEP Teflon for the following reasons. 

(1) 
- 

sirme FEp i a  a melt-proceeeable resin, i n  contrast to the 

m, which mwt be sintered, the diffusion of gaseous impurities is 

markedly decreaeed, 

(2) FES does not undergo a phalse transition near room tempera- 
- 

ture a6 does the TFE, and, consequently, much greater machining precisian 

58 possible, For example, the bore and piston for the moveable electrode 

htm been maohiakd to a tolerance of -.. + .001 inches in a 2" diameter, 
Figure 10 is a magnified Isketch ofthe cell i n  cross seotioa and 

shows the model that will be used for calculations. The quartz w i n d o w  
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serves as a plane of symmetry between the r ea l  platinum electrode and 

i t 8  Image. 

w i l l  be affected by several controllable factors.) 

Of the c e l l  i s  a micro-piston burette, whose volume can be varied t o  

within ml. 

(The meniscue has been drawn f l a t ,  but i n  r ea l i t y  i t s  Shape 

Affixed t o  the bottom 

!?his model pore can thus be used t o  study a wide -,.a;riety Of 

experimental conditions since the pore width, and the depth of electro- 

lYte penetration can be varied simultaneously. The sui-face can be studied 

i n  the "wetted" or "waterproofed" ccndition as electrol;rt;e c m  be squeezed 

in to  or withdrawn at will from the pores. 

equivalent orn-dimensional configuration, orders of rnsgnitTJde 

Since tine elcctrode haw an 

mcjre cur- 

rexb can be drawn from it thaa from a cylindrical pore cf evpi -dent  

diameter, with the further advantage that the meniscus height and shape 

can be viewed directly. 

I n  contrast t o  the model DP W i l l ,  i n  an extre-nely thin pme 

(< 3,&) the meniscus shape i s  considera3ly mcCified, 

trode material i s  wetter3, the  pore w i l l  fill completely by n wick action. 

If %\e elec- 

If it is not wetted, the meniscus w i l l  3e re la t ively f la t  with a sharp 

demarcation at the boun3az-y. 

I n  e i ther  case, it can be represeated diagrarnstically as i n  

Figure lla. 

direction as the ion cwrent,  whereas i n  Wiil's ncdel these fluxes a re  

Here, the concentration gras3ient of the gas i s  i n  the same 

perpendicular, (Figure l l b )  
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w i t h  Similar assumptions for boundaxy conditions, the  two system yield 

very different equations . 
It is convenient t o  assume a flat pore of uni t  l e m h ,  a sepa- 

ra t ion "t", and a depth of penetration ''1 'I (cf.  Fig. lla). Further, 

that activation control is absent, and tha t  concentration 

Polarization and IR drop are the only controlling factors, then, 

Cx = CO e -z@ (1) 

where Cx is the concentration of K a t  a point 0 

thcf point where the capillary Joins the bulk solutiolrJ 

eqLi..;2jhrim concentration of H2 assumed t o  exis t  at tbc ps e l e C t X w e  

interface x = 1,  and j8 = F/RT. 

X C  9 measwed from 

C" 13 tfie 

D i f f e r e n t i a t i n g ,  Eq. (1) yields 

(If t is s;cp,11 compared t o  1, dC/dy 2 0). 

Since % can only enter at the interface, and the  pore is con- 

sidered uniform, the  t o t a l  equivalent current, I$,, per unit length 

through a s l i c e  at x = x is miie ug of ti:o parts :  

dissolved gas, and the n+ io= that have already re&cli.eci. 

( 2 . )  the u i r e w t c i  

::T:c.rezcre 

or by Fick's l a w ,  
a:, 5 - Ix = z m  -- dx 

(3 

(4 

Only the ionic component, Ix, w i l l  produce aa IR drop in the electrolyte, i .e.  

where p in the  solutlsn resiot ivi ty .  
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and substituting (2) i n  (6) gives 

Naw, separating variables leads to 

dx (8 1 P - IT 
d~ (1 + p ZFD z@O e -z@) - - -  t, 

solu t ion :I, 
- p " ~  CO e -4% = c 

Ea 
( 10) 

solving Eq. (12) for  &, .L 6ubstLt;b.i;!.?1g in Sq. (ll), m d  rem*- 
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Substituting frw gq. (7) i n  Eq. (15) with differentiation gives 

For H2 i n  5 N "$04 the cubic denominator terz i.n E z 7  (17) 



Figure 8 

. .  . 

Figure 9 
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THE !THEORY OF ELECTRIC D O U B U  LAYERS 



In the progress report for the period 1 October 1962 - 31 March 
1963, evidence was presented in favor of non-covalent bonding between a 

metal electrode and an ion superequivalently adsorbed on it.* 'inen a 

model, which was in the process of being developed, was described, from 

which the enthalpy and entropy of superequivalent adsorption (s.e.8. 

were to be calculated. 
_ _  

This non-covalent model has now been completed, 

and a paper has been submitted which contains the de-ls of the model. 

M O D E  

In order to calculate the enthalpy of s.e.a. the following steps 

are carried out: 

a, Firstly, n water molecules are desorbed from the electrode 
_ .  

2 
surface into the electrolyte, where n = T r i  e$,; ri is the radius of 

the ion, 0w is the fraction of surface sites covered by water molecules 

and N, is the number of surface sites cmo2. The heat of desorption is 

obtained from (i) the metal-water interaction, which is obtained from 

.._ 

gaseous phase adsorption data; (ii) the lateral interaction of adsorbed 

water molecules, which was calculated from a previous model of water on 

ele~trodes;~ (iii) the interaction of adsorbed water molecules with the 

bulk solution, which is 2 H-bonds per molecule; and (iv) the heat of 

I * 
I 

j 

A superequivalently adsorbed ion may be difined as one which has lost 
a l l  of its hydration in the direction of the netal; i,e., no solvent 
molecules exist between the ion and the adsorbent surface. I 
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condensation of water. 

calculated from the isotherm 

The electrode coverage with water, Qw, 

applying the equilibrium condition, and evaluatingAGzd, from in 

aforementioned manner, used to calcmte 

iv). Bw was calculated.to be 0.9 with N, being 1.3 x l0l5 cm 

(i.e., i, it, iii, and 
-- 

-2 

b. Prtrt of the hydration sheath must be removed from the ion in 

order for it to become adsorbed. 

and ion-quadrupole forces for the primary solvent molecules and Born 

energy (ion-dipole and ion-induced dipole interactions taken into account 

The energy loss is that of ion-dipole 

by the Born equation) for more distant solvent molecules. 

C. The ion is placed on the electrode in the space left by the 

desorbed water moleculesr Here it interacts with the metal with i w e ,  

dispersion and repulsion forces. 

do The hole left by the ion fills with water molecules with an 

energy gain due to the water molecules H-bonding. Together (since the 

desorbed water W&B condensed onto the solution's surface, this term 

appears separately). 

e. Adsorbe6 water molecules which are adjacent to the adsorbed ion 

reorient, as a result of ion interaction, and lose some adsorption 

energy (while gaining ion-dipole energy). 

The cycle for entropy changes was given in the last report. From 

these motional changes for (i) the ion going to the surface; (ii) waters 
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leaving the surface; and ( i i i )  waters exchanging the ion, as a neighbor, 

for another water molecule, AS was calculated. 

The calculated resul ts  for the seven ions considered are shown 

i n  Table VI. 

as' an ideal  1 m solution, and an ideal monolayer of adsorbed ions at 

half coverage. 

Aso 

t o  be satisfsctory considering the approximate values of some of the 

parameters used i n  these calculations. 

The standard s ta te  for the entropy of adsorption is taken 

0 Also shown are the experimental values of AHs,e,a. and 

as obtained by Anderson and P a r ~ o n s . ~ ~  !The apeement i s  seen soera. 

DISCUSSION OF RESULTS 

From the A 9  and/\So values of Table V I ,  the standard free 

energy of s.e.a. ( A G O  ) was calculated f o r  the ions considered, and 

the resu l t s  are shown i n  Table VII. Also shown are the values of 8.e.a. 

for  the t-arious ions a t  the zero charge potential8 i n  0.1 N solutions 

of the ions. The calculated resul ts  predict the. same order of s.e.a. 

as i s  found experimentally. 

smallest ions, the resul ts  would predict essentially no 6.e.a. for them. 

s.e.a. 

Also, since ASo i s  positive fo r  the three 

This  i s  i n  agreement with experimental facts, i.e., that ions with pr i -  

mary hydration sheaths are not specifically adsorbed. 

t o  the. .calculations i s  that the magnitude of differences between AG~me.a. 

f o r  C l - ,  Br- and I- i s  nearly that predicted from experimental qs,e.a. 

values (Table VII). 

differences expected i n  A G O ,  when the experimental qs.e.a. values are 

Lending support 

The bottom row in  Table VI1 shows the calculated 
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substituted i n  a hngmuir adsorption isotherm. 

Na+ K+ Cs' F- C1- Br- 1- 
~~ 

~ ~~ 

s.e.a. in coul cm O2 0.0 0.0 0.4 0.0 1.7 5.2 11.1 

& A G O  ) from calculations 2.4 1.7 s.e.a. 

A(AGO ) as calc'd from exp'l results 0.6 1,4 
s.eoa, 

The expected errors of the free energy calculations were analyzed. 

The results showed -that the average uncertafnty in magnitude of A G O  

was - + 12 kcal mole-'. 

relative uncertainties in AGE ~ ~ 

order of s,e.a. amongst the various ions. 

These calculations also showed that the 

could not be such as to change the 
"W-..'. 
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